We report on the mobilization of shuttle plasmids from gram-negative Escherichia coli to gram-positive corynebacteria mediated by P-type transfer functions. Introduction of plasmids into corynebacteria was markedly enhanced after heat treatment of the recipient cells. High-frequency plasmid transfer was also observed when the restriction system of the recipient was mutated. On the basis of our data, we conclude that efficient DNA transfer from gram-negative to gram-positive bacteria, at least to coryneform bacteria, is conceivable in certain natural ecosystems.
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Conjugal transfer of broad-host-range IncP-type resistance plasmids within gram-negative bacterial species is well known (3, 9, 18) . Non-self-transmissible plasmids carrying the appropriate origin of transfer (oriT) can be mobilized by IncP plasmids (28) . Recent studies have shown that conjugation is a nonspecific process and accounts for most horizontal gene transfer between even phylogenetically remote organisms (7, 13, 25, 26) .
To investigate the possibility of conjugal plasmid transfer between Escherichia coli and Corynebacterium glutamicum, we took advantage of a mobilization system previously developed for genetic engineering of a wide range of gramnegative bacteria (23) . This strategy is based on the oriT and the transfer (Tra) functions of IncP-type broad-host-range plasmid RP4 (10) and consists of E. coli mobilizing strains and derivatives of conventional E. coli vectors (pSUP vectors [22, 23] ). A series of E. coli-C. glutamicum shuttle plasmids was constructed based on mobilizable E. coli vector pSUP102 (22) . The 10.6-kilobase prototype shuttle vector pECM1 resulted from fusion of pSUP102 to C. glutamicum vector pCV35 (Fig. 1) .
Transfer of pECMl to C. glutamicum. For mating experiments, plasmid pECM1 was introduced by transformation into mobilizing strain E. coli S17-1 (23). E. coli S17-1 carries an RP4 derivative integrated into the chromosome which provides the transfer functions necessary for mobilization. By using this donor, plasmid pECM1 was transferred by conjugation as previously described (23) to a nalidixic acidresistant derivative of E. coli MM294 (14) at frequencies between 10-1 and 10-2 (Table 1) per donor cell. For conjugal transfer of pECM1 to coryneform recipient strains, donor strain S17-1(pECM1) was grown to the late-exponential phase in LB medium (15) Table 2 showed natural resistance to at least 30 ,ug of nalidixic acid per ml. To confirm the presence of pECM1, 24 transconjugants of each strain were lysed as described elsewhere (5) (11, 17) . We were able to block such a possible restriction system by heat treating the recipients before mating them, resulting in a dramatic increase of fertility (Table 1) . When heat treatment was applied for 9 min, the minimum temperature required to raise the transfer frequency in subsequent intergenic matings was 42.5°C (Fig.   2a) . A maximum of 107 to 108 transconjugant colonies, corresponding to transfer frequencies between 10-2 and 10-, were obtained after incubation of C. glutamicum at 48.5°C (Table 1; Fig. 2a) . Heat treatment at temperatures higher than 50°C led to lower transfer frequencies, probably due to decreasing viability of the recipient cells.
The persistence of high competence after heat incubation of C. glutamicum was tested (Fig. 2b) . When (16) and was constructed in our laboratory (unpublished data). pECM1 carries the RP4 mobilization fragment (Mob), which contains the origin of transfer replication, the origins of vegetative replication in E. coli (oriVE) and C. glutamicum (oriVc), and chloramphenicol (cm) and kanamycin (km) resistance determinants. The latter determinant is derived from transposon TnS and is known to be expressed in E. coli and coryneform bacteria (19) . The bold line marks the pHM1519 replicon. kb, Kilobases.
were grown in fresh medium at 30°C after heat treatment, the enhancing effect declined within 5 h after heat incubation. Heat-treated recipient cultures stored at 30°C without addition of fresh medium to prevent further growth retained their competence for at least 48 h.
Heat treatment affects the restriction system. To examine the influence of the restriction system of the recipient cells on conjugal transfer of pECM1, we took advantage of a restriction-deficient (Res-) mutant of C. glutamicum ATCC 13032 isolated in our laboratory after nitrosoguanidine mutagenesis. This mutant, designated C. glutamicum RM3, was transformable with pECM1 DNA isolated from E. coli. By using polyethylene glycol-mediated spheroplast transformation (24), up to 103 transformants per ,ug of plasmid DNA were obtained. No transformants were detected after transformation of C. glutamicum ATCC 13032. Interestingly, we found high-frequency conjugal transfer of pECM1 into Res-C. glutamicum cells with no preceding heat treatment (Table  1 ). In addition, no further increase in transfer efficiency was noticed when E. coli S17-1(pECM1) was mated with preheated Res-C. glutamicum cells. We therefore suggest that heat treatment impairs the restriction of incoming foreign DNA by recipients.
Transfer to various strains of coryneform bacteria. Conjugal transfer of pECM1 was not restricted to the recipient C. glutamicum (Table 2) . By the described mating protocol, we mobilized pECM1 from E. coli S17-1 to 28 preheated wildtype strains of coryneform bacteria. With regard to the transfer frequency, the strains tested were divided into the four groups (A to D) listed in Table 2 . All of the group A and most of the group B and C strains are classified as members of the so-called C. glutamicum-Brevibacterium ammoniagenes cluster (21) . Most of these strains are physiologically extremely homogeneous and are supposed to be identical or closely related to C. glutamicum (6, 21) . Group D strains are taxonomically more heterogeneous, and none of them is thought to be closely related to C. glutamicum (6, 21) . Plasmid pECM1 could not be transferred by conjugation from E. coli to any of the group D strains. However, there is evidence that conjugal transfer of shuttle vectors into group D strains is achievable when suitable replicons are applied. Shuttle vectors based on a B. linens replicon were successfully mobilized from E. coli S17-1 to B. linens by using the protocol described here (unpublished data). Although B. linens is of interest to the cheese-producing industry, there has previously been no method available for introduction of plasmid DNA into this strain.
Conclusions. We have demonstrated that conjugal transfer of plasmid DNA from gram-negative E. coli to gram-positive coryneform bacteria is possible. Although procedures for transformation of spheroplasts and protoplasts have been developed recently (24) , there has been no method available for efficient introduction of foreign plasmid DNA into corynebacteria. This is the first report of high transfer frequencies resulting either from heat treatment of recipient cells before mating or, alternatively, from using a restrictiondeficient mutant of C. glutamicum. We suggest that heating blocks the restriction system of recipient cells. High temperatures might act in two ways to impair the restriction function: either directly by inactivating temperature-sensitive restriction endonucleases (2, 12, 17) or indirectly, like UV radiation (4, 20, 27) , in the course of SOS repair as a consequence of DNA damage. The results reported suggest that the restriction system of the recipient cells is the main barrier preventing efficient conjugal transfer between E. coli and a wide range of coryneform strains. It is conceivable that this result is applicable to other gram-positive genera, like Staphylococcus, Streptococcus, Bacillus (26), or Streptomyces (13) . However, it remains unclear why impairment of the restriction system raises the mating efficiency, since it is generally believed that single-stranded transfer, as it probably occurs in the system described here, is insensitive to restriction in the recipient.
Use of the conjugal transfer system reported here should greatly facilitate optimization of amino acid production by C. glutamicum and related species, since E. coli recombinant DNA technology can now be applied to the genetic engineering of these microorganisms. An 
